SUMMARY
A plasmid known to be associated with mupirocin resistance of Staphylococcus aureus has been isolated and a restriction enzyme map constructed. An EcoRI fragment of 4.05 kb from this plasmid has been cloned into an Escherichia coli-Staphylococcus aureus shuttle vector and shown to carry the gene for resistance to mupirocin. The DNA sequence of a small section of the gene has been determined and the derived amino acid sequence compared with a data bank. The amino acid sequence is identical for eight amino acids with the sequence of isoleucyl tRNA synthetase of E. coli. This finding adds to the evidence that mupirocin resistance is the result of a modified isoleucyl tRNA synthetase.
INTRODUCTION
Mupirocin (Beecham, U.K.) is an antistaphylococcal antibiotic that is believed to act by in-Correspondence to." K.G.H. Dyke, Microbiology Unit, Department of Biochemist~, University of Oxford, Oxford. OXI 3QU, U.K. hibition of isoleucyl tRNA synthetase [l] . High level mupirocin resistance (MIC > 2000 ~g/ml) has been demonstrated in both coagulase positive and negative staphylococci and there is evidence that resistance was present in the staphylococcal population for many years before mupirocin was used therapeutically [2] . The resistance is known to be plasmid-borne and is present on large plasmids of very diverse sizes some of which are self-transmissible [2] . The smallest plasmid known to carry the mupirocin resistance gene is about 23 kb and so it was decided to use this plasmid'as a basis for cloning the gene. The cloned gene would then be sequenced so that the predicted amino acid sequence could be compared with data bases and would also provide information that could be used to design a DNA probe able to detect the gene in other staphylococci.
MATERIALS AND METHODS

Bacterial strains and plasmids
The mupirocin-resistant S. aureus J2870 v~as isolated in St. Thomas's Hospital in 1988. It is also resistant to penicillin and has been shown to contain two plasmids, one of about 35 kb and the other 25 kb [2] . Mupirocin resistance is transferable in this strain and transfer of resistance by conjugal mating to S. aureus RN2677 resulted in a strain that was resistant to mupirocin and contained only the 25 kb plasmid (strain J2947).
S. aureus RN4220 [3] was used as a host for transfer of plasmids by the polyethylene-glycolprotoplast-fusion technique [4] . E. coli JM107 [5] was the host for the shuttle vector pOX300. This shuttle vector was constructed from pUG18 cut with NdeI and the ends filled in, ligated to pE194ts [6] cut with XbaI and the ends filled in. The plasmid pOX300 can replicate both in E. coli in which it confers resistance to ampicillin and in S. aureus in which it specifies resistance to erythromycin.
Plasmid DNA isolation
Plasmid DNA was prepared from E. coli by alkaline lysis [7] and from S. aureus as previously described [8] .
Enzymes
Restriction enzymes were from Amersham, Boehringer-Mannheim, New England Biolabs and Bethesda Research Laboratories.
DNA manipulations and sequencing
Cloning procedures were as described previously [7] . DNA sequencing was by the Sanger dideoxynucleotide chain terminated method [9] using T7 DNA polymerase and [a-35S]dATP (600 Ci/mol) from Amersham.
RESULTS AND DISCUSSION
The plasmid pJ2947 was purified from the mupirocin-resistant derivative, RN2677 (pJ2947) which contains a single plasmid. The plasmid DNA was cut by EcoRI, BglII, NcoI, HindIII, PvuII and AvaI but not by BamHI or SalI. A restriction enzyme map was constructed for some of the enzyme sites and is shown in Fig. 1 . It is of interest that there is an NcoI fragment of about 1.65 kb since a fragment indistinguishable in size from this is seen when many, but not all, plasmids that confer mupirocin resistance are cut with NcoI (data not shown).
All available strains of E. coli were found to be resistant to high concentrations of mupirocin and since cloning directly into S. aureus is not easy, it was decided to use a shuttle vector with the initial cloning into E. coli and then using DNA prepared on the E. coli clones to transform S. aureus to erythromycin resistance and to check EmR transformants for resistance to mupirocin. Plasmid p2947 was cut with EcoRI, ligated to EcoRI-cut pOX300 and used to transform E. coli JM107 to ApR. Clones were obtained from all but the largest (5.05 kb) of the seven EcoRI pieces and DNA prepared from them used to transform S. aureus RN4220. Several EmR transformants were obtained in each case and those containing the 4.05 kb EcoRI fragment grew on 20/~g mupirocin/ml agar. Some of the clones obtained had the 4.05 kb piece in one orientation and some in the other but the orientation relative to the vector made no difference to the mupirocin resistance. It was therefore concluded that the 4.05 kb fragment contains the gene or genes specifying mupirocin resistance. One of the clones was designated pOX301 and a restriction enzyme map constructed ( Fig. 1 ).
Sub-clones in which (a) the 2.45 kb BgllI-EcoRI piece was deleted, (b) only the 1.65 NcoI fragment was present and (c) the XhoI-EcoRI (bases 2030 to 4050, Fig. lb) piece had been deleted were all unable to confer mupirocin resistance on S. aureus RN4220. Thus the gene probably contains at least one of the NcoI sites.
DNA sequencing was carried out on the XhoI-SalI deleted plasmid and on the NcoI fragment and part of the sequences are shown in Fig. 2a . The predicted amino acid sequence for a putative protein was derived and compared with sequences in the PIRNEW database. The derived sequence shows homology to various amino acid tRNA synthetases from E. coli [10, 11] and some of these are aligned in Fig. 2b . It is clear that the amino acid sequence is very homologous with the E. coli isoleucyl tRNA synthetase and so it is highly probable that the small sequence presented does come from the mupirocin resistance gene and that the mechanism of mupirocin resistance is by the production of an additional amino acid tRNA synthetase. The E. coli isoleucyl tRNA synthetase is 939 amino acids long and so, if the S. aureus enzyme is similar then the gene will be 2817 bp long and will also need approximately 100 bp for initiation and termination signals. If the determined sequence is in the same position in the S. aureus enzyme as in E. coli then the gene will extend from base number 3491 to 723 as numbered on the restriction enzyme map (Fig. 1) .
It is now necessary to complete the sequence of the gene and to compare it with the sequence of the equivalent aminoacyl tRNA synthetase gene that is present on the staphylococcal chromosome. This will allow determination as to whether it is the isoleucyl tRNA synthetase that is competitively inhibited by mupifocin. Determination of the structure of two synthetases may allow chemical modifications of mupirocin to be designed so that the modified antibiotic will be able to be effective against mupirocin resistant organisms.
Probes can now be designed to determine whether all high-level mupirocin resistance is due to the same gene and to determine whether the low-level resistance also is due to a similar or different mechanisms [21 .
